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ABSTRACT   
Biological cells regulate their biochemical behavior in response to mechanical stress present in their organism. Most of 
the available cell cultures designed to study the effect of mechanical stimuli on cells are cm2 area, far too large to 
monitor single cell response or have a very low throughput. We have developed two sets of high throughput single cell 
stretcher devices based on dielectric elastomer microactuators to stretch groups of individual cells with various strain 
levels in a single experiment.  The first device consists of an array of 100 μm x 200 μm actuators on a non-stretched 
PDMS membrane bonded to a Pyrex chip, showing up to 4.7% strain at the electric field of 96 V/μm. The second device 
contains an array of 100 μm x 100 μm actuators on a 160% uniaxially prestretched PDMS membrane suspended over a 
frame. 37% strain is recorded at the nominal electric field of 114 V/μm. The performance of these devices as a cell 
stretcher is assessed by comparing their static and dynamic behavior. 
 
Keywords: cell stretching, mechanotransduction, dielectric elastomer actuator, low-energy ion-implantation, 
microactuator. 
1. INTRODUCTION  
Biological cells proliferate, differentiate, migrate, or express genes in response to mechanical stress present in their 
organism [1-3]. This mechanical stress can originate from several sources such as: gravity, compression forces within 
joints, and dynamic mechanical stimulation resulting from muscular activity, which is often periodic such as heartbeat 
and breathing. Moreover, many forms of cell behavior such as migration, axonal outgrowth, blood clotting and 
extracellular matrix deposition are also regulated by mechanical stimuli [4-6]. Indeed, most cells utilize some form of 
mechanotransduction for their survival.  
Investigation of the cell mechanotransduction mechanisms is currently performed with simple membrane cell-stretching 
equipment with limited capabilities, relying on the distension of a flexible membrane by a vacuum (e.g those made by 
Flexcell International corp.[7]), or mechanical motor, with loss of fidelity of the mechanical signal, as reviewed by 
Brown [8]. Uniaxial, biaxial, radial or circumferential strain can be applied, with strain of up to 20% at frequencies of 
order 1 Hz. These devices have two major limitations; 1) The stretched areas are often in the range of centimeters, much 
too large to monitor single-cell responses. Therefore, the averaged response of hundreds of thousands of cells is 
monitored. 2) Despite having an array of stretching wells, one single strain level can be applied to all the cells, resulting 
in a low throughput. A few microelectromechanical systems on silicon substrate have been developed to apply uniaxial 
or biaxial strain to single cells [9, 10]. They can apply reliable and calibrated strain levels, though at a very low 
throughput, meaning that they can stretch only one single cell in one experiment. On the other hand, to increase the 
throughput, arrays of mm size separately controllable cell stretching devices have been developed, which are still too 
large to monitor single cell responses [11-13]. 
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Based on dielectric elastomer actuators (DEAs), we have developed cell stretching devices that are capable of stretching 
groups of individual cells, addressing the both limitation of current cell stretchers. Dielectric elastomer actuators are 
compliant devices capable of generating large percentage strain with sub-second response time [14, 15], ideally suited 
for cell stretching application.  A DEA is basically a soft thin elastomer sandwiched between two compliant electrodes. 
When a voltage (of order of 1 kV) is applied between the electrodes, the elastomer is squeezed in thickness due to the 
electrostatic pressure and it expands in-plane as it is incompressible. In our cell stretching devices, the cells will be 
cultured on the actuators and stretched while the elastomer expands in-plane. The actuators are made of silicone based 
elastomers proven to be biocompatible [16], eliminating the need for further surface modification for cell compatibility. 
The Young’s modulus of the elastomer is in the range of 500 kPa to 2 MPa, much higher than the stiffness of cells (0.2-
40 kPa depending on the cell type [17]). Therefore, mechanical interaction with cells will not significantly influence the 
actuators’ performance. Furthermore, the actuation strain is controllable by the applied voltage, making it possible to 
have an array of cell stretchers with various strain levels at the same cell culture, eliminating the need for multiple 
experiments over several days. 
To make array of micro DEAs (μDEA) with the same size order of single cells, it is required to pattern the compliant 
electrodes on the micro scale, which is challenging using traditional compliant electrodes. Consequently, only few 
miniature dielectric elastomer actuators have been reported [18-22]. To pattern the micro scale compliant electrodes, we 
use low-energy ion-implantation to implant gold ions into the PDMS membrane at energies lower than 5 keV using a 
filtered cathodic vacuum arc source. This leads to nanometer size gold clusters in the top 50 nm of the PDMS surface 
that create a conductive path sustaining up to 175% uniaxial stretch [23, 24]. Increasing the gold dose increases the 
conductivity, but also increases the stiffness of the gold-PDMS composite. Just above the percolation threshold, the 
conductivity is good enough for the dielectric elastomer actuators (1 k /square) and the Young’s modulus of the gold 
implanted PDMS is increased by only about 40% compared to non-implanted PDMS. Our group has shown that ion-
implantation is an effective technique for making mm-scale EAPs, for instance buckling mode actuators [25], tunable 
lenses [26] or tunable acoustic filters [27]. 
Using low-energy ion-implantation, we have patterned 100 μm wide compliant electrodes and fabricated two arrays of 
dielectric elastomer microactuators to stretch groups of individual cells, which are described in sections 2 and 3. The first 
device consists of an array of 100 μm x 200 μm actuators on a non-stretched 30 μm thick PDMS membrane bonded on a 
Pyrex chip [28, 29]. Up to 4.7% uni-axial strain is recorded at the electric field of 96 V/μm. The actuation stress is 
quadratically related to the applied voltage and is limited by buckling mode of the nonstretched membrane or electrical 
break down voltage of PDMS membrane. The second device contains an array of 100 μm x 100 μm actuators on a 160% 
uniaxially prestretched PDMS membrane suspended over a frame [30, 31]. Two perpendicular arrays of 100 μm wide 
electrodes are patterned on top and bottom layer of the membrane. When a voltage is applied, at the intersection of the 
electrodes, membrane expands uniaxially due to anisotropic stiffening of the membrane. 37% strain is recorded at the 
nominal electric field of 114 V/μm. The design principle, fabrication process, and characterization of the 
abovementioned microEAPs are discussed in this paper and their performance as a cell stretcher is assessed.  
 
2. BONDED NON-STRETCHED μDEA  
2.1 Design principle  
The device consists of a 30 μm thick non-stretched PDMS membrane with an array of 100 μm wide electrodes on one 
side and a blanket electrode on the other side as schematically shown in Figure 1. In order to have uni-axial in-plane 
strain, the y-axis displacement is confined by bonding the membrane to a Pyrex chip with 200 μm wide channels. In this 
case, the actuator is at the intersection of the 100 μm wide electrodes where the electrostatic force locally compresses the 
membrane in thickness and the 200 μm channels over which the membrane is free to expand in-plain.  
Once the chip is fabricated, a single cell will be attached on each actuator and stretched uniaxially when the membrane 
expands over the trench. This is feasible by either patterning cell adherent extracellular-matrix protein on the actuator or 
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patterning protein repellent co-polymers such as poly-l-lysine grafted polyethylene glycol (PLL-g-PEG) on the surface 
except on the actuator by micro-contact printing [32, 33]. In order to avoid applying high electric field to the cells, the 
high voltage is applied to the bottom electrodes and the top surface where the cells will be cultured is grounded. The 
cells are immersed in conductive cell culture medium which is grounded with the top electrode, eliminating the electric 
field reaching the surface by fringe field through the air. 
 
 
Figure 1. Left: Schematic of the array of microactuators consisting of a 30 μm thick membrane bonded on a Pyrex chip with 200 μm 
trenches. Red vertical lines represent the 100 μm wide ion implanted gold electrodes on the bonded side of the membrane and there is 
a blanket ion implanted electrode on top. The comb shape gold electrodes are patterned on the Pyrex chip to access the bottom 
electrodes and two small gold electrodes on top are patterned by sputtering to connect the wires to the top electrode. Right: Cross 
section view of two actuators with single cells adhered on each of them is shown on top and the isometric view of four actuators is 
shown on bottom, explaining that when a high voltage is applied, the actuators expand uniaxially over the trench and stretch the cells. 
 
2.2 Fabrication  
To fabricate an array of uni-axial cell stretchers, first, Pyrex chips with patterned gold electrodes and 200 μm wide, 100 
μm deep etched, channels are fabricated by powder blasting. Then, a 30 μm thick PDMS membrane is cast and an array 
of 100 μm wide parallel compliant electrodes is patterned with low-energy ion-implantation. Finally, the implanted side 
of the membrane is bonded to the Pyrex chip, and a blanket electrode is ion-implanted on the other side of the 
membrane. The fabrication process is shown in Figure 2.  
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Figure 2. a) Gold electrodes are patterned on a Pyrex substrate and 200 μm wide 100 μm deep channels are etched by powder blasting.  
b) 30 μm PDMS membrane is casted over a support film (polyimide, Upilex-50S from UBE Industries, Ltd). c) The gold ions are 
selectively implanted through a shadow mask in our ion implanter at an energy of -2.5 keV and the gold contacts at the end of the 
wires are deposited. d) A thin layer of PDMS is casted over the main film and cured while the contact pads are covered. e) The PDMS 
membrane is chemically bonded to the substrate. f) The top layer of the membrane is ion implanted and the gold contacts are 
deposited by sputtering. 
Figure 3 shows the fabricated device consisting of three separate groups of EAP actuators that can be actuated with 
different voltages and frequencies, making it possible to stimulate different groups of cells with various strains in the 
same cell culture. 
 
Figure 3. Fabricated bonded non-stretched device comprising 72 100 μm x 200 μm dielectric elastomer actuators [29].  
   
2.3 Characterization 
Measuring the in-plane strain by optically detecting the expansion of the 100μm wide electrodes is not accurate for 
strains lower than 10%. Therefore, we have deposited an array of 4 μm diameter 100 nm thick aluminum dots on the 
actuators as shown in Figure 4b. Two images are recorded before and after applying the voltage and the position of the 
dots are detected and compared to calculate the displacement profile of the elastomer. The background mesh in Figure 4a 
represents the array of Al dots at zero voltage and the displacement profile of the dots after applying the voltage is 
mapped in contour on the mesh. As shown in Figure 4b the array of dots is covering a larger area than the actuator in 
order to precisely study the actuators’ performance. 
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b) 
Figure 4. - a) Deformation profile of an actuator, at 2.6 kV, derived by subtracting positions of dots before and after actuation; Center 
of the actuator is at (0,0). The actuator is 100 μm x 200 μm in a device with 30 μm thick Sylgard 186 membrane. The intermediate 
PDMS layer used for bonding is 3 m thick (Sylgard 186, mixing ratio 1:20, (PDMS: Solvent, 1:2)). b) An actuator with 100 μm wide 
electrode suspending over a 200 μm channel covered with an array of 4 μm aluminum dots. 
To calculate the x-axis strain, the smoothed x-axis displacement along the x-axis is differentiated. Figure 5 shows the 
maximum actuation strain along the channels on the Pyrex chip as the applied voltage is increased. The in-plane uniaxial 
strain is increased up to 4.7% at the electric field of 96 V/μm and then the membrane is buckled out of plane and finally 
failed at the electric field of 105 V/μm due to electrical break down of PDMS membrane. 
 
Figure 5. Measured x-axis in-plane strain vs. drive voltage, showing the expected V2 scaling. A maximum in-plane strain of 4.7% is 
observed at 2.9 kV [29].  
Considering the actuation strain of up to 4.7 %, the bonded nonstretched μDEA devices are mostly suitable to stretch the 
cells from stiffer tissues such as bone cells. Increasing the actuation strain to cover the required strain level for all cell 
type (up to 20%) is feasible by using elastomers that are either softer or have a higher electrical break down strength. In 
the next section, we will explain that uniaxially prestretching the silicone elastomer is an effective technique to enhance 
the electrical break down and the actuation strain level. 
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3. SUSPENDED PRESTRETCHED μDEA 
3.1 Design principle 
In this device, the dielectric elastomer microactuators are fabricated on a highly uniaxially prestretched PDMS 
membrane (stretch ratio of up to 175%). Two perpendicular compliant electrodes are patterned on top and bottom layer 
of the membrane as shown in Figure 6a. When a high voltage is applied between the electrodes, due to the Maxwell 
stress, at the intersection of the electrodes, the membrane is squeezed in thickness and expands in-plane. Due to 
anisotropic stiffening of the hyperlastic PDMS membrane by uniaxial prestretching, the maximum in-plane strain occurs 
in the nonstretched softer direction. 
In order to avoid short circuiting the top ground electrode by the conductive cell growth medium, another nonstretched 
30 μm thick PDMS membrane is bonded on the actuators. The single cells are then attached on the actuators at the 
intersection of the electrodes (Figure 6b). 
  
Figure 6. a) A single layer microactuator on a uniaxially prestretched 30 μm thick PDMS membrane; Two perpendicular compliant 
microelectrodes are patterned on top and bottom layer of the membrane. The microactuator is at the intersection of the electrodes, 
where the electrostatic pressure exists. b) A nonstretched 30 μm thick PDMS membrane is bonded on the single layer actuator to 
prevent short circuiting the top ground electrode by the conductive cell growth medium. A single cell is attached on the actuator at the 
intersection of the perpendicular electrodes. 
3.2 Fabrication 
First a 50 μm thick PDMS membrane is prepared and stretched 2.7 times of its initial lenght in one direction and fixed on 
a frame. Then, two arrays of perpendicular electrodes are patterned on top and bottom layer of the membrane using low-
energy ion-implantation, with the same parameters than for the previous device. Next, the membrane is fixed between 
two PCBs and the electrical contact between the ion implanted electrode and the PCB is established by silver epoxy. 
Finally, another 30μm thick non-stretched PDMS membrane is bonded on the prestretched membrane and a cell culture 
dish is glued on top. 
 
3.3 Characterization 
To characterize the in-plane strains of the microactuators, microscope images are recorded for different actuation 
voltages. The widths of the electrodes before and after actuation are compared with the ImageJ software [34]. The 
displacement field is assumed to be linear and the relative strain is calculated by dividing the electrode’s width increase 
to the initial width in the prestretched state. Figure 7a, shows the actuation strain of a single layer 100 x 100 μm2 actuator 
made on a 175% uniaxially prestretched membrane. Up to 80% strain in the non pre-stretched direction is generated. 
After bonding a 20 μm thick nonstretched PDMS membrane on top, the maximum actuation strain is reduced to 37% but 
still covering the required 1-20% strain range to stimulate different cell types [35]. 
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Figure 7. a) Actuation strain of a single layer actuator on a 175% uniaxially prestretched membrane. The strain along the nonstretched 
direction can be increased up to 80%. b) The actuation strain of a double layer actuator compatible with cell stretching application is 
increased up to 37% [31]. 
4. DISCUSSION 
Two sets of dielectric elastomer microactuators described above for cell stretching applications are shown in Figure 8. 
The cells can be cultured directly on the PDMS membrane and the holder in Figure 8a, and the cell culture dish in Figure 
8b isolate the high voltage electrodes from the conductive cell growth medium. The cell growth medium will also be 
grounded to ensure eliminating any electric field reaching the cells by fringe field through the air, as the cells are 
sensitive to electric fields of above 1 V/cm [36]. 
The bonded nonstretched μDEA device is more suitable for stretching cells of stiffer tissues such as bone cells as they 
already respond to 1 % strain levels [37].  The actuation strain is limited by the low electrical break down electric field of 
nonstretched PDMS membrane. On the other hand, uniaxially prestretching the PDMS membrane has the advantage of 
retarding the pull-in instability and thus enhancing the sustainable break down electric field. Moreover, due to 
anisotropic stiffness of the membrane, the generated actuation strain in the nonstretched direction is higher than the case 
that the membrane is not prestretched. Therefore, much higher strain levels have been obtained with the suspended 
prestretched μDEA device. This device is suitable for stretching all cell types. The sub-second response time of both 
devices makes it possible to stretch the cells with relevant biological frequencies [35].  
 
 
Figure 8. a) A bonded nonstretched μDEA device comprising 72 100 μm x 200 μm actuators in its holder designed for ease of liquid 
handling. b) A suspended prestretched μDEA device composed of 15 100 μm x 100 μm actuators fixed between two PCBs. The cell 
culture dish is placed on top of the actuators for biological experiments. 
A possible weakness of dielectric elastomer actuators is reduced lifetime when operated in salt water compared to air, as 
elastomers such as PDMS are porous and can absorb the humidity resulting in short circuit through the membrane. The 
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suspended prestretched μDEA device presented here has survived continuous operation in salt water for two and a half 
days at 1 Hz frequency thanks to the passive PDMS membrane on the actuators. 
5. CONCLUSION 
Mechanical stress is ubiquitous in our body and cells modulate their developmental programs in response to it. In order 
to efficiently study the effect of mechanical stimulation on cells, we have developed a new technology based on 
dielectric elastomer actuators that addresses many of unmet demands of biologists such as high throughput and single 
cell stretching.  
The operating principle, fabrication process and characterization of two sets of cell stretching devices were presented and 
their performance for cell stretching application was discussed. They consist of an array of microactuators that are 
grouped in subsections controlled by different voltages and frequencies, thus allowing various strain levels applied to 
multiple groups of cells in the same cell culture and in one experiment. The actuators are slightly larger than a single 
cell, capable of stretching an individual cell followed by patterning extracellular matrix on the actuators. The entire 
packaged devices are only a few cm2 in area that can easily fit in the incubator or directly on the oil immersion 
microscopes, easing the biological experiments and microscopy.  
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